Nanoparticles have emerged as key materials for biomedical applications because of their unique and tunable physical properties, multivalent targeting capability, and high cargo capacity 1,2 . Motivated by these properties and by current clinical needs, numerous diagnostic 3-10 and therapeutic 11-13 nanomaterials have recently emerged. Here we describe a novel nanoparticle targeting platform that uses a rapid, catalystfree cycloaddition as the coupling mechanism. Antibodies against biomarkers of interest were modified with transcyclooctene and used as scaffolds to couple tetrazine-modified nanoparticles onto live cells. We show that the technique is fast, chemoselective, adaptable to metal nanomaterials, and scalable for biomedical use. This method also supports amplification of biomarker signals, making it superior to alternative targeting techniques including avidin/biotin.
Nanoparticles have emerged as key materials for biomedical applications because of their unique and tunable physical properties, multivalent targeting capability, and high cargo capacity 1, 2 . Motivated by these properties and by current clinical needs, numerous diagnostic [3] [4] [5] [6] [7] [8] [9] [10] and therapeutic [11] [12] [13] nanomaterials have recently emerged. Here we describe a novel nanoparticle targeting platform that uses a rapid, catalystfree cycloaddition as the coupling mechanism. Antibodies against biomarkers of interest were modified with transcyclooctene and used as scaffolds to couple tetrazine-modified nanoparticles onto live cells. We show that the technique is fast, chemoselective, adaptable to metal nanomaterials, and scalable for biomedical use. This method also supports amplification of biomarker signals, making it superior to alternative targeting techniques including avidin/biotin.
It is often the case that affinity ligands and bioconjugation strategies must be optimized for each new preparation to maximize the binding properties of the targeted conjugates 14, 15 . To streamline these efforts, there remains a critical need to develop advanced conjugation techniques that simplify operation, as well as extend detection limits by improving the efficiency of targeting and amplifying marker signals. Moreover, successful translation into clinical settings will require simple scale-up to successfully process tens or hundreds of samples. Here, we explore a modular and broadly applicable targeting platform based on bioorthogonal chemistry. We were particularly interested in (i) using a biocompatible chemistry with a fast reaction rate, (ii) using reaction partners with very small 'footprints' to maximize the number of covalent binding sites, and (iii) developing universal labelling approaches that build upon the vast array of available monoclonal antibodies. We reasoned that such a strategy would be valuable in further improving nanoparticle targeting.
We and others have recently described a covalent, bioorthogonal reaction between a 1,2,4,5-tetrazine (Tz) and a trans-cyclooctene (TCO) and used it for small molecule labelling [16] [17] [18] . The [4 þ 2] cycloaddition is fast, chemoselective, does not require a catalyst, and proceeds in serum. We hypothesized that this chemistry could be adapted to targeting nanoparticle sensors in different configurations to improve binding efficiency and detection sensitivity. We have named this technique 'bioorthogonal nanoparticle detection' (BOND). Figure 1 summarizes the chemistry, comparative molecular species dimensions, and experimental approaches of the different BOND strategies. We used magneto-fluorescent nanoparticles (MFNPs) to assess the performance of BOND using established fluorescence techniques and a novel miniaturized diagnostic Protein structures and sizes were obtained from the Protein Data Bank (antibody, 1IGT; avidin, 3FDC) c, Application of BOND for one-step (direct) and two-step targeting of nanoparticles to cells. Note that the antibody and tetrazine are present in multiple copies per nanoparticle ( 2-3 antibodies, Ab; 84 tetrazine, Tz). magnetic resonance detector system developed for clinical point-ofcare use 19, 20 . To explore BOND in a biologically relevant system, we chose monoclonal antibodies as the scaffold for nanoparticle attachment due to their large size and the availability of numerous primary amine functional groups. For example, the monoclonal antibody trastuzumab, which is used clinically to treat breast cancers expressing HER2 21 , has approximately 90 lysine residues that could be converted into nanoparticle reaction sites ( Fig. 1b ). We then comparatively tested BOND for targeting extracellular receptors on cancer cells using two assay types. In one setting, we directly coupled MFNPs to antibodies before cell exposure (BOND-1). In another setting, we used a two-step strategy (BOND-2) in which TCO-modified antibodies were used for primary target binding followed by covalent reaction with Tz-MFNP ( Fig. 1c ).
We first determined the extent to which TCO modification of antibodies promotes nanoparticle binding under the BOND-2 format. Figure 2 summarizes the results for three antibodies that were separately used to target HER2, EpCAM (CD326) and EGFR on cancer cell lines. For each antibody, TCO loading was modulated using various concentrations of an amine-reactive TCO. This resulted in a range of TCO valencies between approximately one and 30 per antibody (see Supplementary Methods and Figs S1-S3). Following sequential incubations with TCO-antibody and Tz-MFNP, we found that nanoparticle binding increased with successive TCO loading until saturating around at 20 TCO per antibody for HER2. TCO modifications had little effect on anti-HER2 affinity until loading levels reached 30 TCO per antibody ( Supplementary  Fig. S4 ). Furthermore, TCO modification did not affect the level of non-specific binding of MFNPs to control NIH/3T3 fibroblasts ( Supplementary Fig. S4 ).
To further confirm the above results and to determine the spatial distribution of targeted nanoparticles, we performed confocal microscopy on live cancer cells ( Fig. 2b ). In these experiments, the cells were similarly incubated with TCO-antibody followed by Tz-MFNP. In all cases, a strong fluorescence signal was detected at the cell membranes; this was not observed for a TCO-modified control antibody. These data establish that the Tz/TCO cycloaddition used for BOND-2 is sufficiently rapid and chemoselective to effectively target nanoparticles to live cells.
We next determined the comparative performance of BOND-2 relative to direct labelling with MFNP immuno-conjugates produced via maleimide/thiol chemistry and BOND-1 ( Fig. 3a ). For BOND-2, the optimized preparations determined in the above experiments were used. We found that BOND-2 consistently yielded higher nanoparticle binding to cells compared to either of the immuno-conjugates, higher by more than a factor of 15 for HER2 and approaching 10 for the other cases. The BOND-1 and maleimide/thiol immuno-conjugates bound to a similar level, but tended to vary across the different markers depending on antibody different nanoparticle targeting strategies. SK-BR-3, HCT 116 and A549 cells were labelled with different concentrations of MFNP using the two-step BOND-2 or direct MFNP immuno-conjugates, and the fluorescence signal was measured using flow cytometry. MFNP immuno-conjugates were prepared either via maleimide/thiol or TCO/Tz (BOND-1) chemistries. Control samples were incubated with Tz-MFNP only. BOND-2 resulted in significantly higher nanoparticle binding, exceeding the direct immuno-conjugates by a factor of 15 for HER2. b, Fluorescence intensity of SK-BR-3 and HCT 116 cells labelled with 10 mg ml 21 biotin-modified antibody and 100 nM avidin-MFNP was measured using flow cytometry. Biotinylated anti-HER2 and anti-EpCAM antibodies were prepared analogously to the TCO modifications, and biotin levels were determined by MALDI-TOF mass spectrometry (Supplementary Figs S1,S2). Nanoparticle binding increased with biotin loading but remained lower than BOND-2 in both cases. Values for BOND-1 and BOND-2 were taken from a (100 nM MFNP). affinity (5 nM for cetuximab, 9 nM for trastuzumab 22, 23 ). These observations suggest that TCO-decorated antibodies can serve as scaffolds for subsequent nanoparticle attachment. This strategy effectively amplifies the achievable signal, the extent of which increases with the number of available TCO reaction sites.
To determine whether the amplification was unique to the bioorthogonal chemistry applied or simply a consequence of using a two-step labelling strategy, we tested avidin/biotin as the secondary coupling mechanism. We used avidin/biotin for this purpose because it is the gold standard for biological, non-covalent binding interactions 24 . However, it is known that the large molecular size of avidin ( 6 nm, 67 kDa) and its potential for eliciting immune responses in vivo limit its use for many clinical applications 25 . We biotinylated antibodies using similar procedures to achieve a range of loadings (see Supplementary Methods and Figs S1-S3). Although nanoparticle binding using avidin/biotin exceeded the direct conjugates and could be improved by increasing biotin valency, the overall signal remained considerably lower compared to BOND-2, despite higher biotin loadings (Fig. 3b ). We believe that this finding can be attributed to the large size of avidin, which could potentially mask adjacent biotin sites. Second, biotin must associate within a deep cleft inside the avidin protein, which could physically or spatially constrain certain binding configurations. Conversely, Tz is a small molecule and can interact with TCO on the surface of the antibody without physical limitation or encroachment on neighbouring TCO sites. Finally, the Tz valency (84) was considerably higher than the avidin valency (8) on the nanoparticle due to its smaller size, increasing binding probability. The above arguments are supported by the fact that nanoparticle binding saturated at a lower TCO valency ( 20) in comparison to biotin (.30). Thus, relatively higher quantities and more diversely spaced reaction sites are required to further increase nanoparticle binding for avidin/biotin. The net result is that the small-molecule bioorthogonal chemistry allows nanoparticles to pack more densely onto the antibody scaffolds, yielding greater signal amplification. It should be noted that the MFNP, although larger than avidin ( 28 nm versus 6 nm hydrodynamic diameter), is not limiting because the bulk of the size can be attributed to a dextran matrix, which can promote binding at a longer range through the presentation of extended reactive linkages. Table 1 summarizes the results from the various labelling techniques used in this study.
The ability to rapidly profile cancer cells in peripheral blood 26, 27 or fine needle aspirates 20 has important clinical applications for early cancer detection and in devising treatment decisions 28 . We therefore adapted BOND-2 to molecular profiling of small populations of cancer cells by diagnostic magnetic resonance ( Fig. 4 ). MFNPs were targeted to tumour cells using BOND-2, and the transverse relaxation rate (R 2 ) was measured for 1,000 cells using a miniaturized diagnostic magnetic resonance device 20 . At these scant sample sizes, which are in line with clinical specimens, fluorescent signal detection was difficult. However, parallel magnetic resonance measurements could be performed rapidly and at good Supplementary Table S1 ). signal-to-noise levels (Fig. 4a ). As expected, markers signals were near normal levels for benign fibroblasts and leukocytes (with the exception of CD45, naturally expressed in the latter). Tumour cells showed considerable heterogeneity in the expression of the different markers, a finding that correlated well with the actual expression levels that were independently determined by flow cytometry using larger sample sizes (Fig. 4b ). (Marker expression levels are listed in Supplementary Table S1 .) The sensitivity of magnetic detection, including both diagnostic magnetic resonance and magnetic resonance imaging, using BOND-2 and the other targeting techniques are presented in Supplementary Fig. S5 . Collectively, these data demonstrate the feasibility of profiling scant cell populations using the efficient and modular nanoparticle targeting strategy of BOND-2.
The bioorthogonal [4 þ 2] cycloaddition chemistry between TCO and Tz results in higher nanoparticle binding to mammalian cells compared to other standard techniques. This was achieved because the high valencies and small sizes of the reactants promoted attachment of multiple nanoparticles to each antibody scaffold, amplifying the signal per marker. In contrast, direct nanoparticle immuno-conjugates are limited to at most one nanoparticle per marker, and potentially less than one due to multivalent binding. Because the TCO-antibody is applied in excess before nanoparticle exposure and contains numerous TCO moieties, most marker sites should be occupied by separate antibody scaffolds ( Supplementary  Fig. S4 ), and crosslinking of neighbouring antibodies by a nanoparticle consumes an additional TCO rather than an entire marker. We therefore speculate that a portion of the amplification observed for BOND-2 (and avidin/biotin) can be attributed to more efficient antigen recognition. BOND-2 also outperformed a similar twostep targeting strategy using avidin/biotin, most likely as a result of biotin masking or steric constraints that are imposed by the large footprint of avidin. Consequently, the covalent Tz/TCO reaction permits more nanoparticles to bind per antibody scaffold. The increased detection sensitivity resulting from amplification and the modular nature of the BOND-2 technique make it ideally suited for clinically oriented molecular profiling applications. We have demonstrated such an application here with magnetic detection of tumour cells using a miniaturized magnetic resonance detector that was designed for point-of-care clinical use.
We expect that the described BOND platform will have widespread use in diverse nanoparticle targeting applications, including alternative bioorthogonal small-molecule chemistries, affinity molecule scaffolds (proteins, peptides, aptamers, natural products, engineered hybrids) and nanoparticle sensors such as quantum dots, carbon nanotubes, gold nanoshells and polymer matrices/vesicles.
Methods
Preparation of MFNPs. We used crosslinked iron oxide (CLIO) as our model nanoparticle. The synthesis of CLIO bearing 89 primary amine functional groups is described in the Supplementary Methods. Amine-terminated MFNP (amino-MFNP) was created by treating the CLIO with a limiting quantity of an aminereactive cyanine dye (VivoTag 680, VT680, VisEn Biomedical). This reaction was performed in phosphate buffered saline (PBS) at pH 8.0 for 1 h, followed by purification using gel filtration (Sephadex G-50, GE Healthcare). Approximately 4.7 VT680 molecules were conjugated per MFNP based on absorbance measurements, leaving 84 available primary amine sites.
Tetrazine modification of MFNPs. Amino-MFNP was modified with 2,5-dioxopyrrolidin-1-yl 5-(4-(1,2,4,5-tetrazin-3-yl)benzylamino)-5-oxopentanoate (Tz-NHS, see Supplementary Methods) to create tetrazine-MNFP (Tz-MFNP). The reaction was performed using 500 equiv. of Tz-NHS relative to amino-MFNP, and proceeded in PBS containing 5% dimethylformamide (DMF) for 3 h at room temperature. Excess Tz-NHS was removed using Sephadex G-50. No primary amine groups were detectable at this point using the N-succinimidyl-3-(2pyridyldithio)propionate (SPDP) method (see Supplementary Methods) , and thus the tetrazine valency was assumed to be 84.
Antibody modifications. Monoclonal antibodies were modified with (E)-cyclooct-4-enyl 2,5-dioxopyrrolidin-1-yl carbonate (TCO-NHS) that was synthesized as previously reported by our group 16 . For each case, 0.5 mg of antibody was buffer exchanged into PBS (pH 8.0) using 2 ml Zeba desalting columns (Thermo Fisher). TCO-NHS was then reacted in 10% DMF for 3 h at room temperature. Anti-HER2 antibody (trastuzumab, Genentech) was reacted with 30, 100, 300, 1,000 and 3,000 equiv. of TCO-NHS. Equivalents were 10, 30, 100, 300 and 1,000 for the anti-EpCAM antibody (clone 158206, R&D Systems), and 10, 100, 300 and 1,000 for the anti-EGFR antibody (cetuximab, Imclone Systems). Control mouse IgG 1 (clone MOPC-21, BioLegend), anti-Mucin1 (clone M01102909, Fitzgerald Industries) and anti-CD45 (clone HI30, BioLegend) antibodies were reacted with 1,000 equiv. of TCO-NHS exclusively. Samples were purified using Zeba columns, and concentration was determined by absorbance measurement. Biotinylation was performed for the anti-HER2 and anti-EpCAM antibodies using EZ-Link NHS-biotin (Thermo Fisher) at 10, 100 and 300 equiv. in a similar fashion. TCO and biotin valencies were determined based on changes in molecular weight using MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight) mass spectrometry (see Supplementary Methods) . Functional TCO and biotin loadings were also measured using a Tz-VT680 probe and the HABA assay, respectively (see Supplementary Methods) .
Cell labelling and detection. The human cancer cell lines SK-BR-3, HCT 116, A549, NCI-H1650, A431 and SK-OV-3 and the mouse embryonic fibroblast cell line NIH/3T3 were all obtained from ATCC and maintained in DMEM media supplemented with 10% fetal bovine serum (FBS) and 5% penicillin/streptomycin. Before experiments, cells were grown to 90% confluency, released using 0.05% Tryspin/0.53 mM EDTA, and prepared by washing twice with PBS containing 2% FBS (PBS þ ). Cells (250,000/sample) were then labelled with TCO-or biotinmodified monoclonal antibody (10 mg ml 21 ) in 0.1 ml PBSþ for 10 min at room temperature. Following centrifugation and aspiration of the antibody solution, cells were directly resuspended with Tz-MFNP (0.2-200 nM) or avidin-MFNP (100 nM), incubated for 30 min at room temperature, and washed twice by centrifugation with ice-cold PBS þ . Antibodies were omitted for control samples. For direct antibody-MFNP conjugates, only the MFNP binding period (0.2-100 nM) was used. Avidin-and antibody-MFNP conjugates were prepared as described in the Supplementary Methods. MFNP molar concentration was determined based on an estimated 447 kDa molecular weight for CLIO (8,000 Fe atoms per core crystal, 55.85 Da each 29 ). At the conclusion of the labelling procedures, VT680 fluorescence was assessed using an LSRII flow cytometer (Becton Dickinson) and mean fluorescence intensity was determined using FlowJo software. All measurements were performed in triplicate, and the data are presented as the mean+standard error. For confocal microscopy studies, cells were grown on glass slides with removable chamber wells (Lab-Tek; Thermo Fisher). Cell labelling was performed as described above, and VT680 fluorescence was imaged using a multichannel upright laser-scanning confocal microscope (FV1000; Olympus) with a ×40 water immersion objective lens. Images were acquired with Fluoview software (version 4.3; Olympus) and analysed using ImageJ software (version 1.41; Bethesda MD). For magnetic resonance detection, human tumour cells lines, control NIH/3T3 fibroblasts and fresh human peripheral blood leukocytes were labelled with a TCO-antibody (control; anti-HER2, EpCAM, EGFR, Mucin1 or CD45) and Tz-MFNP as described above. Magnetic resonance measurements were performed using a previously described miniaturized nuclear magnetic resonance device (see Supplementary Methods) 20 . 
SUPPLEMENTARY INFORMATION

Methods
Synthesis of magnetic nanoparticles (CLIO). Cross-linked iron oxide (CLIO) nanoparticles
were prepared as described elsewhere 1 . Briefly, 3 nm monocrystalline cores composed of (Fe 2 O3) n (Fe3O4)m were covered with a layer of 10 kDa dextran, which was cross-linked with epichlorohydrin and aminated to produce CLIO with primary amine groups (amino-CLIO). The number of amines per CLIO was approximately 89 primary amines, as determined by sequential reaction with N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP; Thermo Fisher) and dithiothreitol to liberate pyridine-2-thione 2 . The hydrodynamic diameter was 28.8 nm as measured by dynamic light scattering (Zetasizer 1000HS; Malvern Instruments). The r 1 and r 2 relaxivities were 25.2 mM -1 s -1 and 64.5 mM -1 s -1 , respectively, at 40°C and 0.47 T (Minispec MQ20; Bruker). -NHS) . 2,5-dioxopyrrolidin-1-yl 5-(4-(1,2,4,5tetrazin-3-yl)benzylamino)-5-oxopentanoate (Tz-NHS) was prepared from 3-(4-benzylamino)-1,2,4,5-tetrazine (Tz-benzylamine) that was synthesised as previously described 3 Supplementary Figs . S1 and S2. The degree of TCO modification varied somewhat for the different antibodies despite identical reaction conditions. This effect was also observed for biotinylation, and was most likely caused by differences in the number or availability of modification sites (primary amines).
Preparation of amine-reactive tetrazine (Tz
Measurement of functional TCO loadings by reacting with a Tz conjugated fluorophore.
Unmodified and TCO loaded Herceptin (0.5 mg/mL) was reacted with an excess (100 µM) of near-IR Tz probe (Tz-VT680, synthesised as previously reported 3 at room temperature for 6 hours. After reaction, the antibody was purified by centrifuge filtration using 50,000 dalton molecular weight cutoff filters (Amicon) and stored in PBS. The number of fluorochromes per antibody (which corresponds to the number of functional TCO sites) was determined by spectrophotometric analysis, and are indicated in Supplementary Fig. S3 .
Measurement of functional biotin loadings using HABA assay. Functional biotin valency
on the anti-HER2 and anti-EpCAM antibodies was determined using the HABA assay (Thermo Fisher). HABA reagent (20 µL) was combined with antibody (180 µL at 10 µg/mL) in a 96 well plate (in triplicate), and reacted for 1 hour at room temperature. Biotin concentration was then determined based on the absorbance at 500 nm (Safire 2, Tecan), extinction coefficient of 34,000 M -1 cm -1 , and 0.5 cm path length. Biotin valencies (molecules/antibody) were calculated based on the ratio of molar concentrations, and are indicated in Supplementary Fig. S3 . Direct conjugation of MFNP. MFNP immuno-conjugates were prepared using two different coupling chemistries, the Tz/TCO cycloaddition (BOND-1) and maleimide/thiol reaction. For BOND-1, antibodies were modified with 10 equivalents of TCO-NHS as described in the main text. The TCO-antibodies were then reacted with 0.25 mg Tz-MFNP for 3 hours at room temperature. For maleimide/thiol conjugations, antibody fragments were produced via disulfide reduction and attached to maleimide-functionalised nanoparticles, as described elsewhere 4 .
SUPPLEMENTARY INFORMATION
Antibody reduction was performed using cysteamine, a mild reducing agent that selectively cleaves the disulfide bond connecting the IgG heavy chains 5 . Briefly, cysteamine and ethylenediamine tetraacetic acid (EDTA, Thermo Fisher) were added to antibody samples at final concentrations of 25 and 10 mM, respectively, and incubated at 37°C for 4 hours. The reduced antibodies were then purified using 2 mL Zeba columns. Maleimide-MFNP was prepared by reacting 1 mg amino-MFNP with 1 mg sulfosuccinimidyl-(4-N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC, Thermo Fisher) in PBS for 3 hours at room temperature. Excess sulfo-SMCC was removed using Sephadex G-50, and the maleimide-MFNP was reacted with reduced antibody for 3 hours at room temperature. For both BOND-1 and maleimide/thiol cases, the immuno-conjugates were purified using Sephadex G-1000 (GE Healthcare) and the MFNP concentration was determined by absorbance measurement at 410 nm using the amino-MFNP stock sample for calibration. Avidin-MFNP was generated using the BOND-1 coupling technique to attach Neutravidin protein (Thermo Fisher) in a similar fashion. Systems; EGFR: clone LA1, Millipore) were used to target these markers for calibration purposes rather than the humanised (trastuzumab) or chimeric (cetuximab) antibodies.
Measurement of antibody and avidin valencies on MFNP. Protein concentration was
Following a centrifugal wash with ice-cold PBS+, appropriate fluorescein-conjugated secondary antibodies were added at 1 µg/mL and incubated for 30 minutes on ice. Cells were then washed twice with ice-cold PBS+ and analyzed on a LSRII flow cytometer. Fluorescence intensities were converted to markers per cell using Quantum Simply Cellular anti-mouse antibody beads (Bangs Labs), which were similarly incubated with each primary and secondary antibody pair and analyzed by flow cytometry to determine fluorescence levels for a known number of binding sites. Expression levels are listed in Supplementary Table S1 . 
Figure S3: Correlation of TCO and biotin valencies between the MALDI-MS
measurements and functional assays. a, TCO valencies correlated well between mass measurements and functional assays performed using at Tz-fluorophore (VT680) for each of the antibodies tested. However, the functional values were considerably lower than the mass values, presumably because certain TCO sites could not be accessed or due to physical interaction between the large, highly-charged VT680 molecules. b, Similar results were obtained for biotin valencies, this time where the functional metric was avidin binding using the HABA assay. TCO and biotin valencies used throughout the text reflect the MALDI-MS results so that the TCO and biotin species can be compared directly.
